We report supercontinuum generation extending to 300 nm in the UV from a pure-silica holey fiber. The broad spectrum was obtained by launching ultra-short pulses (∼ 150 fs, 10 nJ at 820 nm) from an amplified Ti:sapphire laser. The extension of holey-fiber-based supercontinuum generation into the UV should prove to be of immediate application in spectroscopy. By slightly detuning the launch conditions we excited a higher order spatial mode, which produced a narrower supercontinuum, but with enhanced conversion efficiency at a series of blue/UV peaks around 360 nm. We present numerical simulations, which suggest that differences in the dispersion profiles between the modes are an important factor in explaining this enhancement. In a related experiment, using the same laser source and fiber, we demonstrate a visible supercontinuum from several subsidiary cores, with distinct colours in each core. The subsidiary cores were excited by an appropriate input coupling. Fabrication of a fiber with a range of core sizes (dispersion profiles) for tailored supercontinuum generation can therefore be envisaged for practical applications.
Introduction
Microstructured 'holey' fibers have a unique range of optical properties [1, 2] and have enabled new applications in spectroscopy [3] , metrology [4] and communications [5, 6] . Although the field of supercontinuum research using conventional fibers has been active for many years at wavelengths near 1.5 µm for telecommunications applications [7] , the unique properties of holey fibers have enabled the demonstration of a visible supercontinuum in holey fibers pumped directly with a Ti:sapphire oscillators [8] . This demonstration encouraged tremendous new research interest to both explain the origin of this remarkable spectral broadening [9, 10] and to develop further applications [11] . Visible supercontinuum spectra have previously been reported spanning 390-1600 nm using microstructured holey fibers [8, 9] , and 375-1500 nm [12] using tapered standard fibers. However there is u Fax: +44-23/8059-3142, E-mail: jhvp@orc.soton.ac.uk strong interest in extending the achievable bandwidths still further, particularly towards the ultraviolet (UV) regions of the spectrum [13, 14] for use in spectroscopy.
In this paper, we report a detailed investigation of holeyfiber-based UV generation via supercontinuum spectral broadening at wavelengths below 350 nm pumped from a mode-locked Ti:sapphire source. We report UV generation at wavelengths at least as short as 300 nm. We demonstrate that coupling into a higher order spatial mode produces enhanced UV intensity in a series of peaks near 360 nm. We believe that this is the first demonstration of multiple spectra using different core modes of a single fiber from a single pump source.
The dispersion profile of a holey fiber has been shown [10] to strongly influence the spectral shape of the supercontinuum produced. We present, for the first time to our knowledge, full vector calculations based on the scanning electron micrograph (SEM) of an actual fiber structure, of the dispersion characteristics of the higher order spatial modes that were observed to produce enhanced UV generation. Our calculations show that the zero dispersion wavelength (λ 0 ) is close to the pump wavelength for the fundamental mode for our fiber, but at significantly shorter wavelengths for the higher order modes. We have used these dispersion profiles to perform numerical simulations of the continuum spectra in the fundamental and higher order modes, which are in reasonable agreement with the measured spectra. Our observation that pumping close to λ 0 creates a broad flat spectrum, whereas pumping above λ 0 creates both red-shifted and blue-shifted spectral bands, is consistent with the investigations of other authors [10] into the continuum spectra from the fundamental spatial mode made using fibers with different core sizes, and hence dispersion profiles.
Finally, using the same fiber and laser source, we demonstrate that by varying the input coupling appropriately, a visible supercontinuum from several subsidiary cores can be produced. The colours of the supercontinuum spectra differ for each subsidiary core, which we consider is due to differences between the dispersion profiles of each core and also to differences between the input coupling efficiencies. This initial demonstration of supercontinuum generation in a multi-core fiber shows the potential for designing a fiber with an array of cores with different dimensions (dispersion profiles) that 292 Applied Physics B -Lasers and Optics can be selectively excited for tailored spectral generation from a single fiber structure.
The choice of fiber material is important for efficient UV generation in order to avoid unacceptable absorption (attenuation). High UV transmission losses affect standard silicabased fibers that are used to fabricate tapers for supercontinuum generation, because the ions typically incorporated in the fiber core in order to obtain the required transverse refractive index profile result in strong absorption in the UV (e.g. germanium doped silica has ∼ 10,000 dB/km stronger absorption [15] at 250 nm compared with pure (undoped) silica). We expect that the comparatively low material loss of the singlematerial pure-silica holey fiber as used in the experiments presented here should make such fibers strong candidates for efficient fiber-based UV supercontinuum sources.
This paper is structured as follows. In Sect. 2 we describe the details of the experiment, and the properties of the holey fiber. In Sect. 3, we describe our numerical simulations and compare the results to our experimentally measured spectra. In Sect. 4 we report our observations of supercontinuum generation in several subsidiary cores of the fiber, and in Sect. 5 we draw our conclusions.
Experimental observation of UV supercontinuum
Supercontinuum generation was produced by coupling high-energy ultrashort pulses into a short length of holey fiber. A schematic of our experimental setup is shown in Fig. 1 . The supercontinuum generation at visible and nearinfrared wavelengths was recorded using a fiber-coupled optical spectrum analyzer, whereas a UV-optimised spectrometer and cooled CCD were used for wavelengths extending to below 300 nm. The spectral data presented in this paper were produced using a pump wavelength of λ pump = 820 nm. Coupling into the fundamental mode, which has a zero-dispersion wavelength λ 0 close to λ pump , produced a yellow coloured supercontinuum. However, by coupling into a higher order mode, we produced a dramatic change in the colour of the supercontinuum to bright blue-white, and we recorded UV spectra for the two-lobed mode showing power transferred to a series of peaks around 360 nm. By pumping at a shorter wavelength, we produced a wider variety of colours in higher order modes, as shown in Fig. 4 .
This section is structured as follows: Section 2.1 describes the characteristics of the holey fiber. Section 2.2 presents the results showing UV generation to wavelengths as short as 300 nm in the UV. Section 2.3 shows the results obtained by FIGURE 1 Experimental configuration for characterizing supercontinuum extending into the UV FIGURE 2 a and d Numerically predicted intensity profiles (1-dB contour spacing) and corresponding near-field photographs (produced by imaging the fiber end using a 100× microscope objective) for two-lobed spatial modes. b Calculated dispersion for fundamental and two-lobed spatial modes. c Calculated A eff for the fundamental spatial mode (similar for two-lobed modes). The solid and dashed curves are for the two principal polarization axes of the highly birefringent fiber coupling into higher order spatial modes (enhanced conversion efficiency into UV peaks). Section 2.4 is a brief report of our observations of laser-induced damage to the fiber input facet.
2.1

Properties of the holey fiber
A SEM image of our robust jacketed polarizationmaintaining holey fiber is shown in the inset to Fig. 1 . Holey fibers with a small core and large-air-fraction cladding have a greatly reduced mode area (typically ∼ 30-50 times smaller compared with a Corning SMF28 fiber). This small mode area increases the effective nonlinearity and drastically reduces the zero-dispersion wavelength down to visible wavelengths [2] (compared to the minimum of 1.3 µm obtainable from a standard single-mode fiber [16] ). The fiber has a ∼ 1.6 µm diameter core, and a large air fill fraction in the cladding and this combination results in a highly confined mode with A eff ∼ 2.5 µm 2 . The fiber is rigorously single mode at wavelengths above 1 µm, but supports higher order modes at shorter wavelengths.
As mentioned in the introduction, we observed supercontinuum generation in higher order spatial modes, which was accompanied by enhanced spectral conversion in strong UV peaks. To further understand this process, we have calculated the mode area and dispersion properties of the fundamental and next lowest order fiber modes, as shown in Fig. 2 . The calculated dispersion profiles (Fig. 2b) show that the two polarisation modes (quasi-linearly polarized) associated with each transverse mode are not degenerate because the asymmetry of the fiber profile leads to mode splitting. (By comparison, these pairs of quasi-linearly polarized modes would remain degenerate for a fiber with an idealized hexagonal hole configuration [17] .) It is therefore crucial to use a full vectorial method to calculate the properties of this small-core fiber, and we used a full vectorial implementation of the orthogonal
